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Quasiparticle band structure of ZnS and ZnSe
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We calculate the quasiparticle band structure of ZnS and ZnSe using the plane-wave pseudopotential method
and theGW approximation for the self-energy. The Zn semicore 3d states are treated as valence states. A
systematic study of the role of various approximations is presented, including the local density approximation
~LDA ! and generalized gradient approximation~GGA! for the ground-state properties, the role of self-
consistency both in the dielectric function and the self-energyS, the effect of off-diagonal matrix elements of
(S2Vxc) in the Kohn-Sham orbital basis, and the plasmon-pole approximation. This study demonstrates that
the LDA and GGA give similar results, and that self-consistency in updating the quasiparticle energies im-
proves the accuracy of the band gap as well as the energies of the semicore 3d states. The calculated
quasiparticle band gaps of ZnS and ZnSe agree well with experimental values when theGWapproximation is
used. There is some discrepancy for the calculated quasiparticle energies of the semicore states and some
possible reasons are discussed.
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I. INTRODUCTION

In the last 15 years, theGW approximation1,2 to the self-
energy has become a well-establishedab initio method for
calculating the quasiparticle band structure of semicond
tors. The approach2 uses the eigenvalues and wave functio
from density-functional theory3 as a starting point and the
constructs the Green function and the screened Coulomb
teraction for the electron self-energy operator. In pract
one often uses the pseudopotential method4 and the local
density approximation5 ~LDA ! or generalized gradien
approximation6 ~GGA! for the density-functional part of the
calculation. This approach gives accurate band gaps for v
ous group IV and group III-V semiconductor bulk materia2

and also produces good results for the valence-band of
in semiconductor heterojunctions.7

This study examines applications of theGW method to
study II-VI compounds, where the semicored states have a
strong influence on the valence and low-energy conduc
states. In fact, in zinc compounds such as ZnS and ZnSe
Zn 3d semicore states have a higher energy than thes
valence states. Thus, treating the Zn 3d semicore states a
part of the frozen core of the pseudopotential can lead
large errors in the electronic structure. Previous work on
subject has shown that semicored states have a strong influ
ence on the band structure of compounds such as GaN,
and CdS.8,9

Previously, it has been found that the 3d semicore states
in Zn compounds are under-bound by 2–3 eV in LD
calculations.10 An interesting question is whether theGW
approximation gives the correct quasiparticle energy
these states. This issue was studied previously,9,11 but the
conclusions did not lead to a consistent picture. Since
semicore states are highly localized, the choice of
density-functional approximations~LDA or GGA! may be
important in determining the quality of the Kohn-Sham o
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bitals and their accuracy in approximating the true quasip
ticle wave functions. This question is also explored below

II. METHODS

The quasiparticle energy spectrum is calculated using
standardGWapproach.2 The quasiparticle energies and wa
functions of the quasiparticle excited states can be obta
by solving the Dyson equation2

@T1Vext~r !1VH~r !#c~r !1E dr 8S~r ,r 8;Eqp!c~r 8!

5Eqpc~r !, ~1!

whereT is the kinetic energy operator,Vext andVH are the
external potential due to the ions and the electrostatic Har

FIG. 1. Total valence charge density of ZnS~electrons/cell!.
©2002 The American Physical Society15-1



-

te
ed
tr
en
-

ru

nal
t for
the

n
.
the
e of
to
the

the

av

ave

ave

LUO, ISMAIL-BEIGI, COHEN, AND LOUIE PHYSICAL REVIEW B 66, 195215 ~2002!
potential, andS is the electron self-energy operator. TheGW
approximation takes the self-energy operator2 S to be

S~r ,r 8;E!>
i

2pE dve2 i01vG~r ,r 8;E2v!W~r ,r 8;v!,

~2!

whereG is the Green function andW is the screened Cou
lomb interaction,W5e21Vc (e is the dielectric function and
Vc is the bare Coulomb interaction!. The eigenvalues and
eigenfunctions ~Kohn-Sham orbitals! from density-
functional theory~DFT! calculations are used to calcula
initial static dielectric matrices. Using a generaliz
plasmon-pole model, frequency-dependent dielectric ma
ces are then calculated and used to construct the scre
Coulomb interactionW. The Kohn-Sham orbitals and eigen
values from the DFT calculations are also used to const
the Green functionG in the quasiparticle approximation.

FIG. 2. Total valence charge density of ZnSe~electrons/cell!.

FIG. 3. The charge density of the highest valence-band w
function of ZnS atG ~electrons/cell!.
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We use the plane-wave pseudopotential density-functio
method to obtain wave functions and eigenvalues as inpu
the quasiparticle calculations. This is done by solving
Kohn-Sham equation

FT1Vext~r !1VH~r !1
dExc

dn~r !Gc i5Eic i , ~3!

where @dExc /dn(r )#5m@n;r # is the exchange-correlatio
potential andn(r )5(occuc i(r )u2 is the total electron density
Both the LDA and GGA are used as approximations to
exchange-correlation potential. Because of the existenc
semicored states in Zn, we need to pay careful attention
the treatment of semicore states in the pseudopotential,
choice of basis set, and convergence questions.

In order to include the effect of semicored states, we treat
the 3d states in Zn as valence states when constructing
pseudopotential. As shown by Rohlfinget al.,12 treating the
3d states, as valence states, while keeping the 3s and 3p

e

FIG. 4. The charge density of the highest valence-band w
function of ZnSe atG ~electrons/cell!

FIG. 5. The charge density of the lowest conduction-band w
function of ZnS atG ~electrons/cell!.
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states in the core can result in large errors in the quasipar
energy eigenvalues. Our own test calculations for ZnS
ZnSe reproduce this finding. The correct way to describe
semicore states in Zn is to include the entire 3s, 3p, and 3d
shell as valence states, which leads to a Zn201 pseudopoten-
tial. Very similar to what is described in Ref. 9, we fir
construct the pseudopotential for the Zn21 ion, which has the
electronic configuration (Ne)3s23p63d10 and then test the
energies of the 3s, 3p, 3d, and 4s states of the pseudopo
tential in the neutral atom configuration. The cutoff radius
the pseudopotential configuration is then varied until go
agreement with all-electron results is achieved.

Since the semicore states are highly localized, the ca
lations can be difficult to converge. In a previous wo
Rohlfing et al.9 used a Gaussian-orbital basis set whic
while computationally less expensive, is more difficult
monitor or control systematically for convergence and ba
set bias. In this work, we use a plane-wave basis set, wh
while computationally demanding, is bias-free and straig
forward to converge. In the initial DFT calculation, a plan
wave cutoff energy of 200 Ry and tenk points in the irre-
ducible Brillouin zone are used, which converge the ene
eigenvalues of the semicore 3d states to within 0.1 eV and
the eigenvalues ofs,p valence states to within 0.05 eV. W
choose a cutoff energy of 49 Ry for the correlation parts
the self-energy and a cutoff energy of 180 Ry for t
~Hartree-Fock! exchange energy,2 choices that converge th
eigenvalues of the 3d semicore states to 0.5 eV and thes,p
valence states to 0.1 eV for both ZnS and ZnSe.

III. RESULTS AND DISCUSSIONS

The DFT stage of our calculations produces Kohn-Sh
eigenvalues, wave functions and total electron densities
ZnS and ZnSe. Figures 1 and 2 show the total valence e
tron density. Figs. 3 and 4 show the amplitude of the wa
functions at the top of the valence band atG for ZnS and
ZnSe, respectively, while Figs. 5 and 6 show the amplitu
of the lowest conduction-band wave functions atG.

FIG. 6. The charge density of the lowest conduction-band w
function of ZnSe atG ~electrons/cell!.
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Using the DFT results, we calculate theab initio static
random-phase approximation~RPA! dielectric matrices
eGG8(q,v50) and extend them to finite frequencies with
generalized plasmon-pole~GPP! model.2 While the GPP
model is known to work well for delocalized valence state
its applicability to localized semicore states may seem qu
tionable. We test the GPP for ZnS with localized semico
states by calculating the true frequency-dependent RPA
electric function e00(q50,v) both with and without the
semicore states, and we found that the two cases are
similar to each other and both agree with the GPP mode

e

FIG. 7. The real part@e1(v)# and imaginary part@e2(v)# of the
dielectric functione00(q50,v) for ZnS with and without semicore
states (E5\v). The GPP model result is also plotted in dash
line, the arrow indicates the imaginary part (d function!.
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shown in Fig. 7. Therefore, we use the GPP model in
work reported below.

The Kohn-Sham eigenvalues and wave functions fr
DFT calculations are initially used to calculate the dielect
matrices and the Green function. Later, we also use the
dated quasiparticle energies to recalculate both the diele
matrices and update the Green function for a ‘‘se
consistent’’ recalculation of the self-energy. Our results sh
that self-consistency in constructing the Green function ha
small effect of about 0.1 eV on the band-gap energy, whe
self-consistency in constructing the dielectric matrices ha
much larger effect as discussed below.

Aside from the issue of the self-consistency of the ene
eigenvalues used for construction of the dielectric matri
and Green function, the LDA and GGA Kohn-Sham orbita
are usually assumed to be identical to the true quasipar
wave functions.2 We test this assumption by expanding t
quasiparticle wave function in the Kohn-Sham orbitals a
treating the term (S2Vxc) as a perturbation. We find that th
mixing coefficientsa i j of Kohn-Sham statesi andj ~for sym-
metry allowed orbitals!, given by the pertubation expressio

a i j 5
^c i

DFTuS2Vxcuc j
DFT&

Ei2Ej
, ~4!

TABLE I. The band-gap energy (Eg), semicored state binding
energy (Ed) with respect to the valence-band maximum, and sta
dielectric constant (e`) of ZnS using the LDA1GW approach. The
LDA results, ‘‘first shot’’ GW results,GW results using updated
dielectric matrices,GW results using Gaussian-orbital basis s
from Ref. 9, and experimental results are listed~the larger value 7.9
eV of Ed in Ref. 9 is an interpolation of self-consistency and ren
malization effect!. See text for details.

LDA GW
~first shot!

GW
~updatede)

GW
~other!a

Expt.

e` 5.96 4.79 5.1
Eg ~eV! 1.65 3.19 3.64 3.50 3.80
Ed ~eV! 6.1 6.9 7.4 6.4, 7.9 8.97~6!,b

9.03~15!c

aReference 9.
bReference 13.
cReference 14.

TABLE II. The band-gap energy (Eg), semicored state binding
energy (Ed), and static dielectric constant (e`) of ZnS using the
GGA1GW approach. The GGA results, ‘‘first shot’’GW results
and experimental results are listed.

GGA GW ~first shot! Expt.

e` 5.42 5.1
Eg ~eV! 2.03 3.27 3.80
Ed ~eV! 6.0 6.8 8.97~6!,a 9.03~15!b

aReference 13.
bReference 14.
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are very small. Our test results for ZnS using the LDA sh
that u^c3d

LDAuS2Vxcuccon
LDA&u,0.10 eV, whileuE3d

LDA2Econ
LDAu

;10 eV, and that u^c3d
LDAuS2Vxcucval23p

LDA &u,0.02 eV,
while uE3d

LDA2Eval23p
LDA u;7 eV ~at G). This is clear evidence

that our DFT wave functions agree very well with the qu
siparticle wave functions and that the mixing between
semicore 3d and higher states is negligible for our purpos
Therefore, we ignore such mixing and take the Kohn-Sh
orbitals to be identical for the quasiparticle wave function

Results for the band gap (Eg), semicored state binding
energy (Ed) relative to the top of the valence band, an
dielectric constant (e`) of ZnS using LDA1GW are pre-
sented in Table I. Clearly, the LDA alone underestimatesEg
andEd . Taking the LDA wave functions and eigenvalues
input, we calculate the dielectric matrices and Green fu
tion, and use these to calculate the ‘‘first shot’’GWquasipar-
ticle energies. While the band gap becomes much close
the experimental value, the semicore state binding ene
though improved, is still sizably different from the exper
mental value. The corresponding ‘‘first shot’’GW results us-
ing the GGA are shown in Table II: there is little differenc
between the LDA1GW results and GGA1GW results,
strong evidence of idea that theGW approximation success
fully corrects for the deficiencies of DFT regardless of t
approximation employed~LDA or GGA!: it does not

c

t

-

TABLE III. The band-gap energy (Eg), semicored state binding
energy (Ed), and static dielectric constant (e`) of ZnSe using the
LDA1GW approach. The LDA results, ‘‘first shot’’GW results,
GW results using updated dielectric matrices and experimenta
sults are listed.

LDA GW
~first shot!

GW
~updatede)

Expt.

e` 8.05 6.42 5.4
Eg ~eV! 0.89 2.32 2.41 2.96
Ed ~eV! 6.3 7.0 7.2 9.37~7!,a 9.20~15!b

aReference 13.
bReference 14.

FIG. 8. ZnSGW band structure.
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strongly depend on the initial guess. TheGW results calcu-
lated by Rohlfinget al.9 using a Gaussian basis set are a
listed in Table I and the agreement between the two basis
is gratifying.

Using the quasiparticle energies from the ‘‘first shot’’GW
calculation, we calculate RPA dielectric matrices, Gre
functions, and thenGW quasiparticle energies which ar
listed in Table I as ‘‘GW ~updatede). ’’ 2 As expected, the
dielectric constant (e`) decreases because of the increa
band gap and the resulting refined quasiparticle band-
energy is increased slightly. The semicored binding energy
is also increased to 7.4 eV. Overall, we see that theGW
approximation improves the band gap and semicore bind
energies. The agreement between the band gap and th
perimental value is excellent, while there is still a sizab
difference remaining for the semicore state binding ene
We show the quasiparticle band structure along hi
symmetry directions in Fig. 8.

Similar results for ZnSe are displayed in Tables III a
IV. Similar to ZnS, the GW approximation improves bo
the band-gap energy (Eg) and semicore state binding energ
(Ed). There is good agreement forEg between theory and
experiment, while a sizable difference remains for the se
core state binding energy. The corresponding band struc
is shown in Fig. 9.

In summary, for both the ZnS and ZnSe systems,
LDA1GW or GGA1GW approaches give similar agree
ment for the calculated band-gap energies with the exp
mental values, whereas semicore state binding energies
larger discrepancies. Rohlfinget al.8 have provided a pos
sible explanation. They used a simple model to include so
renormalization and satellite effects in the self-consist
Green function and this inclusion provides an energy shif
1.5 eV for the ZnS semicore states, resulting in a bind
energy of 7.9 eV~see Table I!, but there are still unclarified
problems in such an approach.8 However, the key point is
that for these localizedd states, neglected and comple
many-body effects can shift energies by amounts on the
der of remaining discrepancies between theGW and experi-

TABLE IV. The band-gap energy (Eg), semicored state binding
energy (Ed), and static dielectric constant (e`) of ZnSe using the
GGA1GW approach.

GGA GW
~first shot!

GW
~updatede)

Expt.

e` 6.81 5.76 5.4
Eg ~eV! 1.32 2.51 2.69 2.96
Ed ~eV! 6.5 7.3 7.5 9.37~7!,a 9.20~15!b

aReference 13.
bReference 14.
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mental results. Therefore, a fullab initio prediction of thed
level energies must await further theoretical advances.

IV. CONCLUSIONS

We have investigated the quasiparticle properties of Z
and ZnSe within the DFT1GW approach and have focuse
on the role of the 3d Zn semicore states. We find that th
choice of LDA or GGA approximation as a starting poi
makes little difference for the band-gap and semicore s
binding energies, and that the LDA and GGA wave functio
are both in excellent agreement with the true quasipart
wave functions. The self-consistency of quasiparticle en
gies in constructing the Green function has a small effect
the band-gap and semicore state energies, whereas the r
self-consistency in constructing the dielectric matrices ha
much larger and quantitatively important effect. The fin
band-gap energies agree well with the experimental valu
However, there are still sizable differences between the
culated semicore state binding energies and their experim
tal values. There is evidence that the existence of satellite
the spectrum of the semicore state may explain part of
discrepancy but further investigation is clearly necessary
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FIG. 9. ZnSeGW band structure.
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